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Summary
The functional activity of integrins is dynamically reg-
ulated by T cell receptor stimulation and by protein
kinase C (PKC). We report a novel function for the
PKC effector protein kinase D1 (PKD1) in integrin acti-
vation. Constitutively active and kinase-inactive PKD1
mutants lacking the PKD1 pleckstrin homology (PH)
domain block phorbol ester- and TCR-mediated acti-
vation and clustering of 1 integrins. The PH domain
of PKD1 mediates the association of PKD1 with the
GTPase Rap1 and is central to Rap1 activation and
membrane translocation in T cells. Furthermore, PKD1
and Rap1 associate with 1 integrins in a manner that
is dependent on the carboxy-terminal end of the 1
integrin subunit cytoplasmic domain. 1 integrin ex-
pression is required for Rap1 activation and mem-
brane localization of the PKD1-Rap1 complex. There-
fore, PKD1 promotes integrin activation in T cells by
regulating Rap1 activation and membrane transloca-
tion via interactions with the 1 integrin subunit cyto-
plasmic domain.
Introduction
Integrin receptors mediate cell adhesion to other cells
and to components of the extracellular matrix. The abil-
ity of integrins to mediate T lymphocyte adhesion is
dependent in part on the activation state of the cell
(Pribila et al., 2004). In the absence of stimulation, T
cells exhibit a low basal level of integrin activity. How-
ever, activation of T cells rapidly enhances integrin-
mediated adhesion without altering integrin levels on
the cell surface (Dustin and Springer, 1989; Mueller et
al., 2004; Shimizu et al., 1990). Integrin activation in-
volves both changes in integrin conformation that in-
crease integrin ligand binding affinity as well as integrin
clustering events that are dependent on rearrangement
of the actin cytoskeleton (Bazzoni and Hemler, 1998;
Kucik et al., 1996). A number of signaling intermediates*Correspondence: shimi002@umn.edu
3 Present address: Department of Pathology, College of Medicine,
Hanyang University, Seoul 133-791, Korea.proximal to the TCR are critical for TCR signaling to
integrins, including the tyrosine kinases Lck (Woods et
al., 2001), ZAP-70 (Epler et al., 2000; Goda et al., 2004),
and Itk (Labno et al., 2003; Woods et al., 2001), the
adaptor proteins LAT and ADAP (Goda et al., 2004; Grif-
fiths et al., 2001; Peterson et al., 2001), the Rac ex-
change factor Vav1 (Krawczyk et al., 2002), and PLC-γ1
(Katagiri et al., 2004). Members of the PKC family of
serine-threonine kinases are also critical to integrin ac-
tivation, as PKC inhibitors block TCR-mediated integrin
activation (Dustin and Springer, 1989; Mobley et al.,
1994). Furthermore, phorbol esters (such as PMA or
PdBu), which directly activate PKCs, potently enhance
integrin-mediated adhesion via changes in integrin
clustering (Dustin and Springer, 1989; Kucik et al., 1996;
Shimizu et al., 1990). However, the downstream effec-
tors that regulate PKC-dependent integrin activation
are poorly defined.
The serine-threonine kinase PKD1 (also named
PKC) is a downstream PKC effector (Rozengurt et al.,
2005). PKD1 phosphorylation by PKCs is essential for
its enzymatic activity (Waldron and Rozengurt, 2003),
and antigen receptor stimulation results in PKD1 acti-
vation and transient membrane localization (Matthews
et al., 2000). PKD1 has been implicated in the organiza-
tion of the Golgi apparatus, regulation of cell shape,
and proliferation, apoptosis, and allelic exclusion in T
cells (Marklund et al., 2003; Storz and Toker, 2003; Van
Lint et al., 2002). PKD1 contains a unique PH domain
that exerts an inhibitory effect on its catalytic domain
(Vertommen et al., 2000). The PKD1 PH domain is re-
quired for nuclear export (Rey et al., 2001) and medi-
ates PKD1 interaction with Gβγ subunits in the Golgi
(Jamora et al., 1999) and with PKC (Brandlin et al.,
2002). Although many PH domains bind to phospholip-
ids and mediate membrane recruitment of proteins, the
PKD1 PH domain does not bind to lipids and is not
required for membrane translocation (Matthews et al.,
1999a).
Phorbol esters also activate the Ras family GTPase
Rap1, which plays a central role in controlling integrin
functional activity (Bos et al., 2001; Katagiri et al., 2002).
Constitutively active forms of Rap1 augment basal cell
adhesion to integrin ligands, and dominant-negative
mutant forms of Rap1 block integrin activation induced
by TCR or phorbol ester stimulation (Katagiri et al.,
2000, 2002; Liu et al., 2002; Sebzda et al., 2002). Like
phorbol ester stimulation, Rap1-dependent activation
of integrins is associated with increased integrin mem-
brane clustering (Katagiri et al., 2003; Sebzda et al.,
2002). The mechanism by which Rap1 regulates inte-
grin function is incompletely understood, but recent
studies suggest that the localization of active, GTP
bound Rap1 at the plasma membrane is critical for
Rap1-dependent integrin regulation in T cells (Bivona
et al., 2004). Furthermore, a recently identified Rap1 ef-
fector, RapL, interacts preferentially with active Rap1
and associates with the β2 integrin LFA-1 (Katagiri et
al., 2003). Thus, regulatory mechanisms that control the
subcellular localization of Rap1, particularly at the
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214Figure 1. Modulation of Integrin-Dependent Adhesion of Jurkat T Cells to Fibronectin by PKD1
(A) Adhesion of transiently transfected Jurkat T cells expressing GFP, GFP-PKD, kinase-inactive GFP-PKD-D733A mutant, the GFP-PKDPH
mutant, or the GFP-PKDPH-D733A mutant to fibronectin was assessed as previously described (Epler et al., 2000; Woods et al., 2001) after
no stimulation (UNSTIM.), stimulation with PMA (PMA STIM.), or stimulation with the anti-CD3 mAb OKT3 (CD3 STIM.) for 10 min. The
adhesion of GFP-negative (open bars) and GFP-positive (solid bars) cells in each sample was determined by flow cytometric analysis. Results
are presented as the mean percentage of adhesion of triplicate wells ± SD.
(B) Jurkat T cells expressing GFP, GFP-PKD, GFP-PKDPH mutant, or a kinase-inactive GFP-PKD-D733A mutant were left unstimulated
(UNSTIM.), stimulated with the anti-CD3 mAb OKT3 (CD3-STIM.) or with PMA (PMA-STIM.), stained with anti-β1 integrin mAb (red) and DAPI
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215plasma membrane, are likely to be critical to our under-
standing of Rap1 function and integrin regulation.
The physical association of integrin α and β subunit
cytoplasmic domains with each other and with cy-
toskeletal and signaling proteins is critical to integrin
function (Calderwood, 2004). Interactions between the
membrane proximal regions of integrin α and β subunit
cytoplasmic domains stabilize integrins in an inactive
conformation (Hughes et al., 1996; Lu et al., 2001),
whereas the membrane distal regions of integrin β sub-
unit cytoplasmic domains appear to regulate integrin
function via interaction with cytoskeletal and signaling
proteins (Liu et al., 2000). Mutations in the membrane
distal region of integrin β subunit cytoplasmic domains
block increases in integrin-mediated adhesion induced
by phorbol esters and TCR stimulation (Hibbs et al.,
1991b; Hibbs et al., 1991a; Romzek et al., 1998), indi-
cating that the integrity of integrin tails is central to dy-
namic regulation of integrin function.
In the present study, we have identified a novel func-
tion for PKD1 in regulating integrin function down-
stream of the TCR and PKC via interactions with Rap1
and the carboxy-terminal end of the β1 integrin cyto-
plasmic domain.
Results
The PKD1 PH Domain Regulates 1 Integrin-
Mediated Adhesion and 1 Integrin
Clustering in T Cells
We determined the effects of expression of a panel of
green fluorescent protein (GFP)-PKD1 fusion proteins
(Matthews et al., 1999a; Matthews et al., 2000) on the
adhesion of Jurkat T cells to the β1 integrin ligand fibro-
nectin. Jurkat T cell adhesion to fibronectin is mediated
predominantly by the α4β1 integrin, with a minor contri-
bution by the α5β1 integrin (Mobley et al., 1994). GFP-
PKD1 fusion proteins were transiently expressed in Jur-
kat T cells, and flow cytometry was utilized to quantify
the adhesion of GFP-negative and GFP-positive cells
to fibronectin in response to TCR activation with an
anti-CD3 mAb or treatment with the phorbol ester PMA
(Epler et al., 2000). Analysis of the GFP-negative sub-
population of Jurkat T cells in each sample demon-
strates that unstimulated Jurkat T cells exhibit a low
basal level of adhesion to fibronectin. In contrast, stim-
ulation with anti-CD3 or PMA for 10 min enhanced Jur-
kat T cell adhesion (Figure 1A). Expression of either
GFP or GFP-PKD1 did not alter integrin function, as
adhesion of Jurkat T cells expressing GFP-PKD1 under
basal and stimulated conditions was comparable to
GFP-negative Jurkat T cells in the same sample (Figure
1A). Similarly, expression of a kinase-inactive mutant of
PKD1 (GFP-PKD-D733A) did not alter either basal or D733A, and GFP-PKD-PH (Figure 1B). These results
(blue), and then imaged with a laser scanning confocal microscope (GFP, green). Results are representative of three independent experiments.
(C) Analysis of β1 integrin clustering in unstimulated (U), PMA-stimulated (PMA), or CD3-stimulated (CD3) Jurkat T cells expressing the
GFP-PKD constructs. The graph indicates the percentage of T cells analyzed under each condition that exhibited clustered β1 integrin
staining (±SD).
(D) Analysis of colocalization of GFP-PKD constructs with β1 integrins in unstimulated (U), PMA-stimulated (PMA), or CD3-stimulated (CD3)
Jurkat T cells. The graph indicates the average percent colocalization of GFP with β1 integrins in the T cells analyzed under each transfection
and stimulation condition (±SD).activation-dependent adhesion of Jurkat T cells to fi-
bronectin (Figure 1A). However, expression of a PKD1
mutant lacking the PH domain (GFP-PKDPH) blocked
both CD3- and PMA-mediated increases in Jurkat T cell
adhesion to fibronectin (Figure 1A). Expression of GFP-
PKDPH was not generally toxic to T cells, as stim-
ulation with the β1 integrin-specific mAb TS2/16 still
resulted in increased adhesion of T cells expressing
GFP-PKDPH (data not shown). TCR-mediated cal-
cium signaling was also not affected by expression of
any of the GFP-PKD1 constructs (Figure S1 available in
the Supplemental Data with this article online).
By using an antibody that detects autophosphoryla-
tion of serine 916 in the C-terminal end of PKD1 (Mat-
thews et al., 1999b, 2000; Wood et al., 2005), we veri-
fied that PMA stimulation enhanced the kinase activity
of wild-type PKD1, but not the D733A kinase-inactive
PKD1 mutant (Figure S2) (Matthews et al., 1999a). In
contrast, the GFP-PKDPH mutant exhibited constitu-
tively high levels of kinase activity that were not aug-
mented by PMA or CD3 stimulation (Figure S2) (Matthews
et al., 2000). In order to determine if the constitutive ki-
nase activity in the GFP-PKDPH mutant is responsible
for the effects of this mutant on integrin function, we
created a kinase-inactive form of PKD1 lacking the
PKD1 PH domain by mutating the aspartic acid at posi-
tion 733 to alanine (GFP-PKDPH-D733A). Although the
GFP-PKDPH-D733A is now enzymatically inactive, even
after PMA stimulation (Figure S2), expression of this
mutant still inhibited β1 integrin-mediated adhesion of
Jurkat T cells after PMA or CD3 stimulation (Figure 1A).
Because PMA and CD3 stimulation induces integrin
clustering on lymphocytes (Griffiths et al., 2001; Kraw-
czyk et al., 2002; Kucik et al., 1996; Peterson et al.,
2001), we next examined the effect of expression of
these GFP-PKD1 constructs on β1 integrin clustering
(Figure 1B). Stimulation of Jurkat T cells expressing
either GFP alone or GFP-PKD1 with PMA or anti-CD3
mAb resulted in increased clustering of β1 integrins
(Figure 1B). Similar results were obtained in Jurkat T
cells expressing the kinase-inactive GFP-PKD-D733A
mutant construct (Figure 1B). In contrast, activation-de-
pendent clustering of β1 integrins was reduced in T
cells expressing the GFP-PKDPH construct (Figure
1B). Quantitative analysis indicated that there was a
w50% reduction in the percentage of T cells with clus-
tered β1 integrin in PMA or CD3-stimulated Jurkat T
cells expressing the GFP-PKDPH construct (Figure
1C).
We also assessed the subcellular localization of the
GFP-PKD1 constructs (Figure 1B). Whereas GFP-PKD
was localized diffusely in the cytosol in unstimulated
Jurkat T cells, PMA or CD3 stimulation resulted in en-
hanced membrane localization of GFP-PKD, GFP-PKD-
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216are consistent with previous studies indicating that the t
bPH domain of PKD1 is not required for activation-
Pdependent membrane localization of PKD1 (Matthews
det al., 2000). Interestingly, there was a high degree of
acolocalization of the GFP-PKD1 constructs with β1 in-
stegrins after PMA or CD3 stimulation of T cells, as as-
usessed by quantitative analysis of the degree of yellow
Pfluorescence in merged images (Figures 1B and 1D).
t
3Suppression of PKD1 Expression Inhibits 1
nIntegrin-Mediated Adhesion of T Cells to Fibronectin
tWe used RNA interference to determine if PKD1 ex-
ppression is required for activation-dependent changes
2in β1 integrin function. A plasmid expression vector ex-
pressing GFP and an shRNA sequence targeting PKD1
Twas transfected into Jurkat T cells. Inhibition of expres-
wsion of PKD1, but not ERK, was detected in transfec-
atants expressing high levels of GFP, as assessed either
Wby intracellular flow cytometric staining with an anti-
uPKD antibody (Figure 2A) or by Western blotting of
Rsorted transfectants (Figure 2B). In adhesion assays, T
tcells with suppressed PKD1 expression were not able
uto adhere efficiently to fibronectin when compared to
dGFP+PKD+ T cells in the same sample or transfectants
aexpressing the control vector alone (Figures 2C and
w2D). In contrast, loss of PKD1 expression did not re-
pduce adhesion induced by direct stimulation of β1 inte-
pgrins with the activating β1 integrin-specific mAb TS2/16.
(
tPKD1 Associates with Rap1, and T Cell Activation
pInduces Membrane Translocation of PKD1
cand Rap1 with Comparable Kinetics
bWe used a yeast two-hybrid assay to identify the small
GGTPase Rap1 as a protein that interacts with PKD1
P(Figure S3). Immunoprecipitation of endogenous PKD1
Sfrom unstimulated Jurkat T cells resulted in coprecipita-
i
tion of Rap1, but not other small GTPases (Ras, Rho,
t
and Cdc42) (Figure 3A). Conversely, PKD1 was detected
c
when we immunoprecipitated Rap1, but not Ras, Rho,
or Cdc42 (Figure 3A). Interestingly, the association be- c
tween PKD1 and Rap1 was enhanced when T cells w
were stimulated with PMA (Figure 3A). We were also M
able to coimmunoprecipitate PKD1 with Rap1 when we t
transfected a Myc epitope-tagged form of wt Rap1 into w
Jurkat T cells and immunoprecipitated Rap1 with an 2
anti-Myc antibody (Figure 3B). Similar to the results P
with endogenous Rap1, there was a basal level of asso- t
ciation of Myc-tagged Rap1 with endogenous PKD1 l
that was enhanced after PMA stimulation (Figure 3B). We G
also assessed coimmunoprecipitation of PKD1 with Myc
epitope-tagged dominant-negative Rap1 (Rap1S17N) c
and constitutively active Rap1 (Rap1G12V). Compared f
to wt Rap1, there was enhanced association between u
PKD1 and Rap1G12V in unstimulated Jurkat T cells G
(Figure 3B). PMA stimulation did not further enhance M
the association between PKD1 and Rap1G12V (Figure o
3B). In contrast, no association between PKD1 and c
dominant-negative Rap1S17N was detected, even after e
PMA stimulation (Figure 3B). 4
We next isolated cytosolic and membrane fractions w
from unstimulated and stimulated Jurkat T cells in order a
to examine the kinetics of membrane translocation of t
aPKD1 and Rap1. Both PKD1 and Rap1 could be de-ected in the cytosolic fraction, but not in the mem-
rane fraction, of unstimulated Jurkat T cells. After
MA or CD3 stimulation, both PKD1 and Rap1 were
etected in the membrane fraction (Figure 3C). PKD1
nd Rap1 exhibited a similar pattern of rapid, but tran-
ient, membrane localization after CD3 stimulation (Fig-
re 3D). At the concentration of PMA used (20 ng/ml),
KD1 and Rap1 were detected in T cell membrane frac-
ions only 2 and 10 min after PMA stimulation (Figure
D). Stimulation with a higher PMA concentration (100
g/ml) induced more sustained membrane transloca-
ion of both PKD1 and Rap1 (Figure S4), consistent with
revious studies (Bivona et al., 2004; Matthews et al.,
000).
he PH Domain of PKD1 Is Critical for Association
ith Rap1 and for Rap1 Activation
nd Membrane Localization
e assessed the ability of the GFP-PKD1 constructs
sed in adhesion assays to associate with endogenous
ap1 (Figure 3E). Although Rap1 was only weakly de-
ected when GFP-PKD was immunoprecipitated from
nstimulated Jurkat T cells, PMA or CD3 stimulation
ramatically enhanced the association between Rap1
nd GFP-PKD (Figure 3E). The PKD1-Rap1 interaction
as dependent on the PKD1 PH domain, as immuno-
recipitation of the GFP-PKDPH mutant failed to co-
recipitate Rap1, even after PMA or CD3 stimulation
Figure 3E). Similar results were obtained in a yeast
wo-hybrid assay (Figure S3). We also used GST fusion
roteins to demonstrate that PKD, but not PKDPH,
an bind in vitro to purified Rap1 that was generated
y in vitro transcription and translation (Figure 3F). A
ST fusion expressing just the PH domain of human
KD3 also associated with Rap1 in this assay (Figure
5). In contrast, immunoprecipitation of the kinase-
nactive mutant GFP-PKD-D733A resulted in coprecipi-
ation of Rap1 in PMA- and CD3-stimulated Jurkat T
ells at levels comparable to wt GFP-PKD (Figure 3E).
We next investigated the effect of the GFP-PKD1
onstructs on Rap1 activity in T cells. Jurkat T cells
ere cotransfected with GFP-PKD1 constructs and a
yc epitope-tagged wt Rap1 construct, and the activa-
ion status of the Myc-tagged Rap1 was assessed
ith a GST-RalGDS-RBD fusion protein (Van Triest et al.,
001). Expression of the GFP-PKDPH or GFP-
KDPH-D733A mutant resulted in a dramatic inhibi-
ion of Rap1 activation after either PMA or CD3 stimu-
ation that was not observed with expression of wt
FP-PKD or GFP-PKD-D733A (Figure 4A).
To determine if PKD1 regulates Rap1 membrane lo-
alization (Bivona et al., 2004), cytosolic and membrane
ractions were isolated from unstimulated, PMA-stim-
lated, and CD3-stimulated Jurkat T cells expressing
FP-PKD, GFP-PKDPH, or GFP-PKDPH-D733A and
yc epitope-tagged Rap1. Expression of GFP-PKDPH
r GFP-PKDPH-D733A, but not wt GFP-PKD, dramati-
ally impaired membrane translocation of Rap1 after
ither PMA or CD3 stimulation of Jurkat T cells (Figure
B). The wt GFP-PKD and the GFP-PKDPH mutants
ere detected in the membrane fraction at similar levels
fter PMA or CD3 stimulation (Figure 4B). Expression of
he kinase-inactive GFP-PKD-D733A construct did not
ffect Rap1 membrane localization (data not shown).
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217Figure 2. Suppression of PKD1 Expression Inhibits PMA- and CD3-Induced Adhesion of Jurkat T Cells to Fibronectin
(A) Jurkat T cells were transiently transfected with the PKD1 shRNA targeting vector (shPKD) or vector control (control). Transfectants were
analyzed by flow cytometry for GFP expression and PKD1 or ERK expression after permeabilization and staining with an anti-PKD antibody
or an anti-ERK antibody.
(B) Jurkat T cells were transfected as in (A), and the GFP-bright cells (top 10%) were sorted. The sorted cells were then lysed and analyzed
for PKD1 and ERK expression by Western blotting.
(C and D) Jurkat T cells were transfected as in (A) and analyzed for adhesion to fibronectin as described in Figure 1 after no stimulation
(UNSTIM.), PMA stimulation (PMA-STIM.), CD3 stimulation (CD3-STIM.), or stimulation with the activating β1 integrin-specific mAb TS2/16
(β1-STIM.) for 10 min. Adherent cells were collected and stained for intracellular PKD1. The dot plots in (C) show expression of GFP and
PKD1 in the cell samples before the adhesion assay and in the cells that adhered to fibronectin. The quadrants in the dot plots were used to
quantitate the adhesion of GFP+PKD+ cells (upper right quadrant) in the control cell samples and the GFP+PKD+ (upper right quadrant) and
GFP+PKD− cells (lower right quadrant) in the shPKD cell samples in (D). Numbers in each quadrant in the dot plots in (C) indicate the
percentage of cells in each quadrant. Results in (D) are presented as the mean percentage of adhesion of triplicate wells ± SD.
Immunity
218Figure 3. PKD1 Association with the Small GTPase Rap1 and Membrane Localization of PKD1 and Rap1
(A) Jurkat T cells were either unstimulated (U) or stimulated for 10 min with PMA (P). Cells were lysed, and endogenous PKD1, Rap1, Ras,
Rho, or Cdc42 was immunoprecipitated. Immunoprecipitates were analyzed by Western blotting for the presence of PKD1, Rap1, Ras, Rho,
and Cdc42.
(B) Jurkat T cells were transiently transfected with control vector or plasmid vectors encoding for Myc epitope-tagged wild-type (wt) Rap1
(Rap1), dominant-negative Rap1 (Rap1N17), or constitutively active Rap1 (Rap1G12V). Cells were either unstimulated (U) or stimulated for 10
min with PMA (P) and lysed, and the epitope-tagged Rap1 constructs were immunoprecipitated with an anti-Myc antibody and analyzed by
Western blotting with anti-PKD and anti-Myc antibodies.
(C) Western blotting of endogenous PKD1 and Rap1 in membrane (M) and cytosolic (C) fractions of Jurkat T cells after no stimulation (U) or
after CD3 stimulation for 2 min (CD3) or PMA for 10 min. As controls for the fractionation procedure, the bottom panels show Western blotting
for the transmembrane adaptor protein LAT, which is constitutively localized to the plasma membrane, and the cytosolic protein Erk.
(D) Membrane fractions were isolated from Jurkat T cells that were stimulated with anti-CD3 mAb (CD3-STIM.) or PMA (PMA-STIM.) for the
indicated times. Samples were analyzed by Western blotting with anti-PKD, anti-Rap1, and anti-LAT antibodies.
(E) Jurkat T cells were transiently transfected with GFP control vector (vector) or plasmid vectors encoding for GFP-PKD, GFP-PKDPH, or
GFP-PKD-D733A. After either no stimulation (U), CD3 stimulation for 2 min (CD3), or PMA stimulation for 10 min (P), the GFP-PKD1 constructs
were immunoprecipitated with an anti-GFP antibody and analyzed by Western blotting with anti-Rap1 and anti-PKD antibodies.
(F) GST, GST-PKD, and GST-PKDPH fusion proteins were incubated with purified Rap1. GST fusion proteins were captured, washed, eluted
with SDS sample buffer, and analyzed by Western blotting with anti-PKD and anti-Rap1 antibodies.We also examined whether PKD1 might interact with P
wthe Rap1 guanine-nucleotide exchange factor (GEF)
C3G. Similar to the results obtained with Rap1, immu- B
snoprecipitation of PKD1 resulted in coimmunoprecipi-
tation of C3G in unstimulated Jurkat T cells, and this u
Pinteraction was enhanced after PMA stimulation (Figure
4C). Furthermore, wt GFP-PKD, but not GFP-PKDPH, P
mwas able to coimmunoprecipitate C3G (Figure 4D).KD1 and Rap1 Form a Complex
ith 1 Integrins in T Cells
ecause wt and mutant GFP-PKD constructs exhibited
trong colocalization with β1 integrins after T cell stim-
lation (Figures 1B and 1D), we immunoprecipitated
KD1 from membrane fractions of unstimulated and
MA-stimulated Jurkat T cells. PKD1 was detected in
embrane fractions but only after PMA stimulation
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219(Figure 5A). Furthermore, both β1 integrin and Rap1,
but not the transmembrane adaptor protein LAT, could
be coimmunoprecipitated with PKD1 in PMA-stim-
ulated membrane fractions (Figure 5A). When we immu-
noprecipitated β1 integrins from unstimulated and
PMA-stimulated membrane fractions, PKD1 and Rap1
coimmunoprecipitated with β1 integrin only after PMA
stimulation (Figure 5A). Similar results were obtained
when we immunoprecipitated PKD1, β1 integrin, or
Rap1 from primary lymph node T cells from C57BL/6
mice (Figure 5B).
To address the role of the PKD1 PH domain in the
association of PKD1 with β1 integrins, we transfected
GFP-PKD1 constructs into Jurkat T cells and assessed
the presence of endogenous β1 integrin and Rap1 in
anti-GFP immunoprecipitates (Figure 5C). Consistent
with the results obtained when we immunoprecipitated
endogenous PKD1, β1 integrin and Rap1 coimmuno-
precipitated with wt GFP-PKD but only after PMA or
CD3 stimulation. Coimmunoprecipitation of β1 integrin
with the mutant GFP-PKDPH construct was also ob-
served after PMA or CD3 stimulation (Figure 5C). This
suggests that the PH domain of PKD1 is not required
for PKD1 association with β1 integrins.
We also examined the ability of endogenous PKD1
to associate with β1 integrins after PMA stimulation of
Jurkat T cells expressing GFP-PKD or GFP-PKDPH,
which can be distinguished from endogenous PKD1 in
Western blots due to the addition of the GFP tag. Both
the GFP-PKD and GFP-PKDPH transfectants have re-
duced levels of membrane-localized endogenous PKD1
when compared to control Jurkat T cells (Figure 5B).
We also performed sequential immunodepletion experi-
ments to determine if the GFP-PKDPH mutant alters
the ability of endogenous PKD1 to associate with Rap1
(Figure 5E). PKD1 was immunoprecipitated from Jurkat
T cells expressing GFP-PKDPH, either with or without
prior immunodepletion of the GFP-PKDPH construct
with an anti-GFP antibody. The amount of Rap1 that
coimmunoprecipitated with an anti-PKD antibody was
comparable regardless of whether GFP-PKDPH was
first cleared from the lysate. This suggests that the
GFP-PKDPH construct does not impair association of
endogenous PKD1 with Rap1 but does inhibit associa-
tion of endogenous PKD1 with β1 integrins after T cell
stimulation.
Activation-Dependent Association of PKD1
and Rap1 with 1 Integrins Is Dependent
on the Carboxy-Terminal End of the 1
Integrin Subunit Cytoplasmic Domain
We previously utilized the A1 Jurkat T cell line, which
lacks β1 integrin expression, to demonstrate that the
carboxy-terminal five amino acids (KYEGK) of the β1
integrin subunit cytoplasmic tail are essential for acti-
vation-dependent regulation of β1 integrin-mediated
adhesion (Romzek et al., 1998). We utilized this system
to analyze the structural requirements within the β1 in-
tegrin cytoplasmic tail that regulate PKD1 and Rap1
membrane localization and association with β1 inte-
grins. Membrane fractions were prepared from unstim-
ulated and PMA-stimulated Jurkat T cells and A1 Tcells. In contrast to the results obtained with wt Jurkat
T cells, PMA stimulation did not result in enhanced im-
munoprecipitation of PKD1, and coimmunoprecipitated
Rap1, from membrane fractions of β1 integrin-deficient
A1 T cells (Figure 6A). In stable transfectants of A1 T
cells expressing a wt form of β1 integrin, PMA-depen-
dent translocation of PKD1 was restored to the levels
observed with wt Jurkat T cells (Figure 6A). Coimmuno-
precipitated Rap1 and β1 integrin was also restored to
the levels observed in wt Jurkat T cells. In contrast,
expression of a mutant form of β1 integrin lacking the
carboxy-terminal five amino acids of the β1 integrin
subunit cytoplasmic domain (β1-793) in A1 T cells did
not restore activation-dependent translocation of PKD1
to the plasma membrane (Figure 6A). Similar results
were obtained when we immunoprecipitated β1 inte-
grins with an anti-β1 integrin antibody. PKD1 and Rap1
coimmunoprecipitated with β1 integrin after PMA stim-
ulation of Jurkat T cells or A1 T cells expressing wt β1,
but not after PMA stimulation of A1 T cells or A1 T cells
expressing β1-793 (Figure 6B).
We also utilized confocal microscopy to examine ac-
tivation-dependent clustering of β1 integrins and colo-
calization of endogenous PKD1 with β1 integrins after
PMA stimulation of these various T cell lines. The re-
sults in Figures 6C and 6D show that there is reduced
clustering of β1 integrins after PMA stimulation of A1 T
cells expressing the mutant β1-793 construct. This was
not due to reduced levels of β1 integrin expression in
these cells, as flow cytometric analysis indicated com-
parable levels of β1 integrin expression on A1 T cells
expressing β1-793, wt Jurkat T cells, and A1 T cells
expressing wt β1 (Figure S6). Expression of β1-793 in
A1 T cells also did not restore activation-dependent
colocalization of PKD1 with β1 integrins to the levels
observed after expression of wt β1 integrin in A1 T cells
(Figures 6C and 6E).
1 Integrin Expression Is Required for Rap1
Activation in Jurkat T Cells
We next analyzed Rap1 activation in β1 integrin-defi-
cient A1 T cells and A1 transfectants expressing wt β1
or β1-793. Surprisingly, PMA stimulation did not result
in increased levels of active Rap1 in A1 T cells (Figure
7A). Expression of wt β1 in A1 T cells restored Rap1
activation in these cells. However, expression of the
mutant β1-793 subunit was not able to restore Rap1
activation to the levels observed with wt Jurkat T cells
or A1 T cells expressing wt β1 integrin.
Because recent studies indicate that Rap1 activation
occurs predominantly at the plasma membrane in Jur-
kat T cells (Bivona et al., 2004), we also examined the
subcellular localization of active Rap1 in unstimulated
and stimulated Jurkat T cells with differential β1 integrin
expression. We utilized a GFP-RalGDS-RBD fusion pro-
tein construct that detects active Rap1 when ex-
pressed in cells (Bivona et al., 2004). This construct was
transiently transfected into wt Jurkat T cells, A1 T cells,
A1 T cells expressing wt β1 integrin, and A1 T cells
expressing the β1-793 truncated integrin subunit. The
results in Figures 7B and 7C show that PMA or CD3
stimulation of wt Jurkat T cells or A1 T cells expressing
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(A) Jurkat T cells were cotransfected with the indicated GFP-PKD1 constructs and Myc epitope-tagged wt Rap1 and then stimulated with
anti-CD19-coated beads (U) as a negative control, anti-CD3-coated beads (CD3), or PMA (P). Samples were lysed, and active Rap1 was
precipitated with a GST-RalGDS-RBD fusion protein. The resulting precipitates were probed with an anti-Myc antibody (Myc-Rap1 [active])
to assess the content of active Rap1 in samples. Aliquots of total lysates (middle and bottom) were also analyzed by Western blotting with
an anti-Myc antibody and with an anti-PKD antibody.
(B) Jurkat T cells were cotransfected with Myc epitope-tagged wt Rap1 and either control GFP vector, GFP-PKDPH, GFP-PKDPH-D733A,
or GFP-PKD, as indicated, and either left unstimulated (U) or stimulated with anti-CD3 mAb for 2 min (CD3) or PMA for 10 min (P). Membrane
(M) and cytosolic (C) fractions were then isolated, and samples were analyzed by Western blotting with an anti-GFP mAb and with an anti-
Myc mAb to detect GFP-PKD1 constructs and Myc-Rap1, respectively. As controls for the fractionation procedure, the bottom panels show
blotting for the transmembrane adaptor protein LAT and the cytosolic protein Erk.
(C) Jurkat T cells were either unstimulated (U) or stimulated for 10 min with PMA (P). Cells were lysed, and endogenous PKD1 or C3G was
immunoprecipitated. Immunoprecipitates were analyzed by Western blotting for the presence of PKD1 and C3G.
Regulation of β1 Integrin Function by PKD1
221that regulate Rap1 membrane translocation.cell activation is suggested by our finding that the
(D) Jurkat T cells were transiently transfected with GFP-PKD or GFP-PKDPH. After either no stimulation (U), CD3 stimulation for 2 min (CD3),
or PMA stimulation for 10 min (P), the GFP-PKD1 constructs were immunoprecipitated with an anti-GFP antibody and analyzed by Western
blotting with anti-PKD and anti-C3G antibodies.wt β1 integrin enhanced the membrane localization of
the GFP-RalGDS-RBD probe, as detected by increased
colocalization of GFP with β1 integrins. In contrast,
PMA or CD3 stimulation of A1 T cells failed to result in
increased membrane localization of GFP-RalGDS-RBD
(Figures 7B and 7C). Furthermore, membrane localiza-
tion of GFP-RalGDS-RBD was not observed after PMA
or CD3 stimulation of A1 T cells expressing the func-
tionally inactive β1-793 integrin subunit.
Discussion
PKC activation is a major intracellular mechanism by
which integrin functional activity is regulated on lympho-
cytes, as phorbol esters induce integrin-dependent ho-
motypic aggregation of B cells (Rothlein and Springer,
1986) and enhance T cell adhesion to β1 and β2 integrin
ligands (Dustin and Springer, 1989; Mobley et al., 1994;
Shimizu et al., 1990). In addition, PKC inhibitors block
increases in integrin-mediated adhesion induced by
TCR stimulation (Dustin and Springer, 1989; Mobley et
al., 1994). However, the effectors downstream of PKC
that control integrin function in T cells have remained
elusive. In this study, we provide evidence that the PKC
effector PKD1 regulates β1 integrin functional activity
and clustering induced by either phorbol ester or TCR
stimulation.
The reduced β1 integrin-mediated adhesion of Jurkat
T cells with suppressed PKD1 expression after PMA or
CD3 stimulation suggests that PKD1 expression is re-
quired for β1 integrin activation. Expression of mutant
PKD1 constructs lacking the PH domain also inhibited
increases in Jurkat T cell adhesion to fibronectin in-
duced by either PMA or CD3 stimulation. The ability of
these mutant PKD1 constructs to inhibit PMA and CD3-
induced clustering of β1 integrins is consistent with
previous studies demonstrating that phorbol ester
stimulation regulates LFA-1 membrane localization on
EBV-transformed B cell lines (Kucik et al., 1996). Like
integrin functional activity, antigen receptor stimulation
induces rapid, but transient, membrane translocation
of PKD (Matthews et al., 2000). We confirmed these
previous results and demonstrated that the PH domain
of PKD1 was not required for PMA or CD3-mediated
membrane translocation of PKD1. Our ability to coim-
munoprecipitate PKD1 and the small GTPase Rap1, but
not other GTPases, from both unstimulated and stim-
ulated Jurkat T cells suggests that interactions be-
tween PKD1 and Rap1 may be important for membrane
translocation of Rap1. In fact, PMA or CD3 stimulation
resulted in comparable rapid, but transient, membrane
translocation of both PKD1 and Rap1. In addition, the
PH domain of PKD1 is critical to the association of
PKD1 with Rap1, as a PKD1 mutant lacking the PH do-
main is unable to coimmunoprecipitate Rap1, even af-
ter T cell stimulation. The functional relevance of PKD1-
dependent membrane translocation of Rap1 upon TPKDPH mutants, which block activation-dependent
β1 integrin clustering and adhesion, also inhibit activa-
tion-dependent Rap1 membrane translocation and Rap1
activation. The impaired membrane translocation of en-
dogenous PKD1 in T cells expressing wt GFP-PKD or
GFP-PKDPH suggests that these PKD1 constructs in-
hibit β1 integrin activation by blocking the recruitment
of endogenous PKD1-Rap1 complexes to the plasma
membrane.
Our results suggest that PKD1 has a novel function
as an adaptor protein that regulates Rap1 membrane
translocation and activity after PMA or CD3 stimulation.
A role for the PKD1 PH domain in mediating protein-
protein interactions has previously been proposed
(Brandlin et al., 2002; Jamora et al., 1999). We have
shown a direct interaction of PKD1 with Rap1 in vitro
and also demonstrated that the PKD1 PH domain by
itself is sufficient to mediate binding in vitro to Rap1.
Although we could detect association of PKD1 with
Rap1 in unstimulated T cells, T cell activation or the
use of a constitutively active mutant of Rap1 clearly
enhanced the interaction. This suggests that structural
changes that occur upon GTP binding to Rap1 may in-
fluence the strength of interaction between PKD1 and
Rap1 (Cherfils and Chardin, 1999). Although T cell acti-
vation clearly increases PKD1 kinase activity (Wood et
al., 2005), several lines of evidence suggest that PKD1
kinase activity is not required for PKD1-dependent inte-
grin regulation. First, expression of a kinase-inactive
PKD1 construct or other constitutively active PKD1
constructs did not alter activation-dependent increases
in β1 integrin-mediated adhesion, β1 integrin clustering,
or Rap1 activation. Second, the GFP-PKDPH-D733A
mutant, which lacks the PH domain but is enzymatically
inactive, was comparable to GFP-PKDPH, which is
constitutively active, in its ability to inhibit β1 integrin
function, Rap1 membrane translocation, and Rap1 acti-
vation. These results are consistent with a kinase-inde-
pendent function for PKD1 in regulating integrin func-
tion and Rap1 membrane translocation and activity.
PKD1 and Rap1 associate in a regulated manner with
the β1 integrin cytoplasmic domain, and this interaction
is dependent on the carboxy-terminal five amino acids
(KYEGK) of the β1 integrin tail. These results are partic-
ularly significant in light of our previous studies with β1
integrin-deficient A1 Jurkat T cells, which demon-
strated that this region of the β1 integrin tail is required
for β1 integrin function in response to either PMA or
CD3 stimulation (Romzek et al., 1998). Our present find-
ings demonstrate that this portion of the β1 integrin tail
is critical for activation-dependent membrane translo-
cation and association of PKD1 and Rap1 with β1 inte-
grins. Furthermore, activation-induced increases in Rap1
activation are dramatically impaired in Jurkat T cells
that lack expression of β1 integrins or that express the
nonfunctional β1-793 truncation mutant. Thus, the car-
boxy-terminal end of the β1 integrin cytoplasmic do-
main controls Rap1 activity via interactions with PKD1
Immunity
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β1 Integrins in T Cells
(A) Jurkat T cells were either unstimulated
(U) or stimulated for 10 min with PMA (P).
Membrane fractions were isolated and sub-
sequently used in an immunoprecipitation
assay with anti-PKD, anti-β1 integrin, anti-
LAT, or normal IgG. Immunoprecipitates
were analyzed by Western blotting for the
presence of PKD1, β1 integrin, Rap1, or LAT
(as negative control).
(B) Primary T cells purified from C57BL/6
mice were either unstimulated (U) or stim-
ulated for 10 min with PMA (P). Cells were
lysed, and endogenous PKD1, β1 integrin,
Rap1, or Erk was immunoprecipitated. Im-
munoprecipitates were analyzed for the
presence of PKD1, β1 integrin, Rap1, or Erk
(negative control).
(C) Jurkat T cells were transiently trans-
fected with control vector (vector) or plasmid
vectors encoding for GFP-PKDPH or GFP-
PKD. After either no stimulation (U), CD3
stimulation for 2 min (CD3), or PMA stimula-
tion for 10 min (P), the GFP-PKD1 constructs
were immunoprecipitated with an anti-GFP
mAb and analyzed by Western blotting with
anti-PKD, anti-Rap1, and anti-β1 antibodies.
(D) Jurkat cells and Jurkat transfectants ex-
pressing GFP-PKD or GFP-PKDPH were
either unstimulated (U) or stimulated for 10
min with PMA (P). Membrane fractions were
isolated, and β1 integrin immunoprecipitates
were analyzed by Western blotting for the
presence of PKD1, Rap1, β1 integrin, and LAT.
(E) Jurkat T cells expressing GFP-PKDPH
were lysed and split into two aliquots. En-
dogenous PKD1 and GFP-PKDPH were im-
munoprecipitated from one aliquot with an
anti-PKD antibody (left lane in the gel). GFP-
PKDPH was immunodepleted from the
second aliquot with three sequential anti-
GFP immunoprecipitations, followed by a fi-
nal immunoprecipitation with an anti-PKD
antibody. All immunoprecipitates were ana-
lyzed by Western blotting with anti-PKD and
anti-Rap1 antibodies.Several lines of evidence suggest that PKD1, rather
tthan Rap1 itself, associates with the β1 integrin cyto-
plasmic domain. First, the PKDPH mutant, which does i
snot interact with Rap1 but still translocates to the mem-
brane after T cell activation, can coimmunoprecipitate i
2β1 integrin as efficiently as wt PKD1. Second, an in-
teraction between the αvβ3 integrin and PKD1 specific- v
Oally in intracellular vesicles has been reported (Woods
et al., 2004). Interestingly, the carboxy-terminal end of a
pthe β3 integrin cytoplasmic domain, specifically the ty-
rosine residue in the membrane distal NPXY motif, is l
icritical for PKD1 association with αvβ3. Like the β3 inte-
grin tail, the β1 integrin cytoplasmic domain contains R
lthis membrane-distal NPXY motif, and our truncation
deletes this tyrosine residue. The interaction between o
tPKD1 and αvβ3 also appears to be dynamically regu-
lated, as PKD1 and αvβ3 dissociate after delivery of p
αvβ3 to the plasma membrane (Woods et al., 2004).
This is consistent with the findings in this study and c
aprevious work indicating that PKD1 is not membrane-
localized in unstimulated lymphocytes (Matthews et l
ral., 2000).Recent studies have clearly highlighted the impor-
ance of the membrane localization of Rap1 in mediat-
ng Rap1-dependent function. Whereas growth factor
timulation of COS-1 cells resulted in activation of Rap1
n the intracellular perinuclear region (Mochizuki et al.,
001), stimulation of Jurkat T cells results in Rap1 acti-
ation at the plasma membrane (Bivona et al., 2004).
ur results are consistent with the work of Bivona et al.
nd suggest that both PKD1 and the β1 integrin cyto-
lasmic domain are critical to the appropriate subcellu-
ar localization of active Rap1. Factors that regulate the
ntracellular localization of Rap1 are likely critical to
ap1-dependent functional responses, as subcellular
ocalization of Rap1 regulates the directional migration
f endothelial cells (Fujita et al., 2005) and Rap1 activa-
ion in a different intracellular compartment can uncou-
le Rap1 from integrin activation (Caloca et al., 2004).
The association of Rap1 with β1 integrins may be
ritical on several levels. First, a number of integrin-
ssociated proteins have been identified that also regu-
ate Rap1 activity. For example, β1 integrin stimulation
esults in focal adhesion kinase-dependent phosphory-
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β1 Integrins Is Dependent on the Carboxy-
Terminal End of the β1 Integrin Cytoplasmic
Domain
(A) Jurkat, A1, A1-wt (A1β1), and A1β1-793
(793) cells were either unstimulated (U) or
stimulated for 10 min with PMA (P). Mem-
brane fractions were isolated, and PKD im-
munoprecipitates were analyzed by Western
blotting for the presence of PKD1, β1 inte-
grin, and Rap1. Aliquots of whole cell lysate
were also probed for PKD1.
(B) Jurkat, A1, A1-wt (A1β1), and A1β1-793
(793) cells were either unstimulated (U) or
stimulated for 10 min with PMA (P). Mem-
brane fractions were isolated, and β1 inte-
grin immunoprecipitates were analyzed by
Western blotting for the presence of β1 inte-
grin, PKD1, and Rap1.
(C) Jurkat, A1, A1-wt (A1β1), and A1β1-793
(793) cells were left unstimulated (UNSTIM.)
or stimulated with PMA (PMA-STIM.), stained
with anti-β1 integrin antibody (green), anti-
PKD (red), and DAPI (blue), and then imaged
with a laser scanning confocal microscope.
Results are representative of three indepen-
dent experiments.
(D) Analysis of β1 integrin clustering in un-
stimulated (U) and PMA-stimulated (PMA)
Jurkat, A1, A1-wt (A1β1), and A1β1-793 (793)
cells. Cell images were analyzed as in Figure
1C. The graph indicates the percentage of
T cells analyzed under each condition that
exhibited clustered β1 integrin staining (±SD).
(E) Analysis of colocalization of PKD1 with
β1 integrins in unstimulated (U) and PMA-
stimulated (PMA) Jurkat, A1, A1-wt (A1β1),
and A1β1-793 (793) cells. Cell images were
analyzed as in Figure 1D. The graph indi-
cates the average percent colocalization of
PKD1 with β1 integrins in the T cells analyzed
under each stimulation condition (±SD).lation of CasL (Iwata et al., 2000), a signaling protein
that interacts with Crk and the Rap1 GEF C3G (Gotoh
et al., 1995). Another focal adhesion kinase-associated
protein, p130Cas, a CasL homolog, binds to and regu-
lates the activity of another Rap-1 activator, AND-34
(Cai et al., 1999; Gotoh et al., 2000). Other Rap1-spe-
cific GEFs, RA-GEF2 and RasGRP2, also localize to the
membrane after activation (Caloca et al., 2004; Gao et
al., 2001), although their functional or physical associa-
tion with integrins has not been demonstrated. Never-
theless, the recruitment of Rap1 to integrin complexes
may localize Rap1 to proteins that regulate Rap1 activ-
ity. Our results specifically suggest that PKD1 can pro-
mote the association of Rap1 with C3G. Second, the
recruitment of active Rap1 to the membrane upon T
cell activation may localize Rap1 to downstream effec-
tors that regulate integrin function. Most notable in this
regard are RIAM, a protein that binds to active Rap1and associates with profilin and Ena/VASP proteins
(Lafuente et al., 2004), and RapL, which binds to active
Rap1 and associates with the β2 integrin LFA-1 (Kata-
giri et al., 2003). The relevance of our findings to RapL-
dependent regulation of LFA-1 function will be an im-
portant area to investigate in the future. β1 integrin
clustering might also trigger changes in Rap1 activity
after ligand engagement. However, we performed our
analysis of β1 integrin clustering and Rap1 localization
and activation in the absence of exogenous β1 integrin
ligands, suggesting that these responses to T cell stim-
ulation can occur in the absence of β1 integrin ligand
engagement.
In summary, we propose a novel adaptor protein
function for PKD1 in regulating integrin functional activ-
ity in T cells that involves rapid, transient membrane
translocation of both PKD1 and Rap1 to β1 integrins.
The PH domain of PKD1 is critical for PKD1 association
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t(A) Jurkat, A1, A1-wt (A1β1), and A1-793 (793) cells were either un-
2stimulated (U) or stimulated for 10 min with PMA (P). Rap1 activity
Cwas assessed as described in Figure 4A.
a(B) Jurkat, A1, A1-wt (A1β1), and A1β1-793 (793) cells expressing
aGFP-RalGDS were left unstimulated (UNSTIM.) or stimulated with
anti-CD3 mAb (CD3-STIM.) or PMA (PMA-STIM.), stained with anti- C
β1 integrin antibody (red) and DAPI (blue), and then imaged with a 6
laser scanning confocal microscope (GFP-RalGDS, green). Results C
are representative of three independent experiments. M
(C) Analysis of colocalization of GFP-RalGDS with β1 integrins in t
unstimulated (U), PMA-stimulated (PMA), and CD3-stimulated C
(CD3) Jurkat, A1, A1-wt (A1β1), and A1β1-793 (793) cells. Cell
Cimages were analyzed as in Figure 1D. The graph indicates the
aaverage percent colocalization of GFP-RalGDS with β1 integrins in
3the T cells analyzed under each stimulation condition (±SD).
D
t
6
with Rap1. Thus, mutant PKD1 constructs lacking the
EPKD1 PH domain inhibit activation-dependent β1 inte-
R
grin clustering and adhesion because they translocate n
efficiently to the membrane and associate with β1 inte- l
grins but do not associate with Rap1. This effectively F
uncouples CD3 and PMA stimulation from downstream k
Rmembrane translocation and activation of Rap1, result-
aing in impaired integrin activation.
R
5Experimental Procedures
G
KExperimental Procedures are provided in the Supplemental Data.upplemental Data
upplemental Data include Supplemental Experimental Pro-
edures, Supplemental References, and six figures and are avail-
ble with this article online at http://www.immunity.com/cgi/
ontent/full/23/2/213/DC1/.
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